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ABSTRACT

Tropospheric aerosols play a crucial role in climate and can cause a climate forcing directly by absorbing and reflecting
sunlight, thereby cooling or heating the atmosphere, and indirectly by modifying cloud properties. The indirect aerosol
effect may include increased cloud brightness, as aerosols lead to a larger number of smaller cloud droplets (the so-called
Twomey effect), and increased cloud cover, as smaller droplets inhibit rainfall and increase cloud lifetime. Both forcings
are poorly understood and may represent the largest source of uncertainty about future climate change. In this paper we
present results from various field experiments demonstrating the contribution that the multi-angle multi-spectral
photopolarimetric remote sensing measurements of the NASA Glory mission will make to the determination of the direct
and indirect radiative effects of aerosols.
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1. INTRODUCTION

Aerosols can change the radiative budget of the atmosphere by scattering or absorbing sunlight (“direct climate forcing”)
and by modifying the formation and life-cycle of clouds (“indirect climate forcing”). Radiative balance computations
suggest that the sum of these forcings can be comparable to that of anthropogenic greenhouse gasses; however, the
magnitude and even sign of this sum remains one of the largest unknown factors in climate research1. Aerosols also pose
a problem in retrieving properties of the ocean from space-borne observations (“atmospheric correction”). For example,
radiative transfer simulations show that a small uncertainty in this contribution can lead to large errors in the retrieval of
Chlorophyll a concentrations in the ocean2. To constrain the aerosol climate forcings requires accurate characterizations
of the particle size, complex refractive index, and number density of aerosol and cloud particles on a global scale – i.e.,
from satellite observations3. These characterizations will also clearly benefit the remote sensing retrieval accuracy of
Chlorophyll a concentrations in the ocean. In this work, we discuss the unique capabilities of remote sensing polarimetry
to provide such characterizations.

The NASA Glory mission4 which is planned to launch in 2008 will carry an Aerosol Polarimeter Sensor (APS)
for the determination of aerosol and cloud properties and a Total Irradiance Monitor (TIM) instrument to monitor the
changes in total solar irradiance (TSI) incident on the atmosphere of the Earth. The Glory spacecraft will also carry two
simple cloud cameras operating each at 412 and 865 nm that will be used to determine the amount of cloud that is
occurring within the APS instantaneous field of view (IFOV)instrument. The APS sensor will provide high-precision
measurements of the total and polarized reflectance in 9 narrow spectral bands ranging from 412 to 2250 nm, and in 240
viewing angles with the scan oriented along the spacecraft ground track covering an angular range of 60° from nadir on
one side of the scan and to the limb of the Earth on the other side. It therefore combines the spectral coverage of the
MODerate resolution Imaging Spectrometer (MODIS) instrument, the multiangle views of the Multiangle Imaging
Spectro-Radiometer (MISR) instrument, and the polarization measurements of the POLarization and Directionality of
Earth Reflectances (POLDER) instrument to obtain the most complete set of information available on the solar radiation
reflected by the Earth’s system in the visible (VIS) and near-infrared (NIR) part of the spectrum.

The need for such extensive sets of data to retrieve aerosol properties becomes clear when considering the
ambiguities that arise in such retrievals when using only MODIS-like, MISR-like, or POLDER-like data sets5. These
ambiguities arise because of the assumptions that have to be made about the composition and size of aerosol particles
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prior to the inversion of such data subsets. Similar assumptions are required for the retrieval of extinction to backscatter
ratio from elastic backscatter lidar measurements. Data obtained by the Research Scanning Polarimeter (RSP)
instrument6, which provides a similar capability to the APS, show that many of these assumptions can be eliminated by
the information content of multiangle, multispectral total and polarized reflectances, such that it is possible to retrieve
the optical depth, single scattering albedo, refractive index, and size distribution of a bimodal aerosol from these
reflectances. Moreover, polarimetric remote sensing provides this capability over both land and water surfaces, and for
observations in the visible part of the spectrum.

Retrieving the microphysical properties of clouds from passive remote sensing of their total reflectance also
requires prior knowledge: of the effective variance of their droplet size distribution in the case of water clouds and of the
shape distribution of the crystals in the case of ice clouds. Polarized reflectances on the other hand are not only sensitive
to the effective radius but also to the effective variance of cloud droplets, and allow a plausible particle shape distribution
to be estimated in the case of ice clouds. Furthermore, for water clouds a plausible vertical profile of droplet size can be
retrieved because of the significantly different vertical weighting profiles of total and polarized reflectance
measurements. Finally, they allow the cloud top and cloud base pressure to be determined which allows the physical
thickness of a cloud to be estimated. This in turn allows us to estimate the number concentration of droplet or ice
particles in clouds which is the crucial parameter needed in evaluating the indirect effect of aerosols on clouds.

We demonstrate some of these capabilities to retrieve aerosol and cloud properties using RSP measurements
taken during the Chesapeake Lighthouse and Aircraft Measurements for Satellites (CLAMS), the Cirrus Regional Study
of Tropical Anvils and Cirrus Layers – Florida Area Cirrus Experiment (CRYSTAL-FACE), the Coastal STRatocumulus
Imposed Perturbation Experiment (CSTRIPE) and using RSP measurements taken over smoke aerosols in Southern
California. In some of these experiments vignetting by the skin of the aircraft limits the angles that are available for each
scan and only view angles that are clearly free from any vignetting are used in the analyses that follow. The scan plane
can be oriented either along the along the ground track of the aircraft to sample multiple views of the same scene, or
perpendicular to this plane to obtain maximum areal coverage. All of the data analyzed here has the RSP oriented along
the aircraft ground track. The total reflectance R and polarized reflectance P analyzed in this study are defined as πI
(µ0S) –1 and π(Q2+U2)1/2 (µ 0S) –1, respectively, where µ0 is the cosine of the solar zenith angle θ0 (°) and S is the modified
extraterrestrial solar irradiance (W m–2 nm–1). The latter irradiance is the RSP instrument spectral response convolved
with the solar spectral irradiance.

2. THE AEROSOL POLARIMETRY SENSOR

Although the data that we analyze in this paper was taken with the RSP instrument, here we will briefly
describe the design of the APS and how it is expected to produce measurements of similar, or better quality, to the RSP
when on orbit. The APS instrument is similar to the RSP instrument6 in that it allows the total and linearly polarized
reflectance to be measured simultaneously in nine spectral channels for each instantaneous field of view (IFOV). This is
accomplished by six boresighted telescopes that have the same IFOV of 8 mrad. The refractive telescopes are paired,
with each pair making measurements in three spectral bands. One telescope in each pair makes simultaneous
measurements of the linear polarization components of the intensity in orthogonal planes at 0° and 90° to the meridional
plane of the instrument (using Wollaston prisms to spatially separate the orthogonal polarizations onto a pairs of
detectors), while the other telescope in a pair simultaneously measures equivalent intensities in orthogonal planes at 45°
and 135°. These measurements provide the simultaneous determination of the Stokes parameters I, Q, and U in nine
spectral bands with a wide dynamic range (16-bit digitization) and high signal-to-noise ratio (greater than 250 at radiance
levels typical of aerosols over the ocean) with a radiometric and polarimetric uncertainty of ≤5% and ≤0.2%,
respectively. This measurement approach ensures that the polarization signal is not contaminated by scene intensity
variations during the course of the polarization measurements, which could create “false” or “scene” polarization.

The APS spectral bands are divided into two groups based on the type of detector used: visible/near infrared
(VNIR) bands using UV-enhanced silicon photodiodes at wavelengths of 412 (20), 443 (20), 555 (20), 672 (20), 865
(39) and 910 (20) nm and short-wave infrared (SWIR) bands using HgCdTe photodiodes (cooled to 163K) at
wavelengths of 1378 (35), 1610 (60), and 2250 (75) nm. Dichroic beam splitters are used for spectral selection, while
interference filters define the spectral bandpasses of each band. The parenthetic figures are the full width at half
maximum (FWHM) bandwidths of the spectral bands. These spectral bands are capable of sampling most of the spectral
variations in reflected sunlight due to particle scattering in the atmosphere. That is, the 412-, 443-, and 555-nm
reflectances are significantly affected by molecular scattering in addition to scattering by sub-micron and super-micron
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